KA-prep, a culture filtrate of Bacillus circulans KA-304 grown on a cell-wall preparation of Schizophyllum commune, has an activity to form protoplasts from S. commune mycelia. -1,3-Glucanase, which was isolated from an ammonium sulfate fraction of 0-30% saturation of KA-prep, gave the protoplast-forming activity to an ammonium sulfate fraction of 30-50% saturation of KA-prep, which contained chitinase(s) and -glucanase(s) but was inactive in the protoplast formation.
Basidiomycetes are valuable not only as food or feed, but also as microbial resources for various purposes. [1] [2] [3] On the other hand, they have some disadvantages, such as slow growth, susceptibility to fungal invasion, and so on. Hence, breeding with modern biotechnology has become significant, which requires efficient formation of reproducible protoplasts. The cell-wall of Basidiomycetes has been reported to consist of three layers: the outer layer with water-soluble -glucan, the second with an alkaline-soluble -1,3-glucan (S-glucan), and the inner with an alkaline-insoluble highly branched glucan with -1,3 and -1,6 1inkages (R-glucan) in which chitin microfibrils are embedded. [4] [5] [6] [7] Due to this complex structure of the cell-wall, commercial lytic-enzymes have shown low protoplast-forming activity used individually, and they are usually used in combination. But, the prescription and the procedure are complicated with low yield of reproducible protoplasts.
We have found an activity to form protoplasts from Schizophyllum commune mycelia in a culture filtrate of Bacillus circulans KA-304 grown on a medium containing, cell-wall preparation (CWP) of S. commune.
8)
The culture filtrate (KA-prep) showed the activity alone, indicating that KA-prep contained all the components necessary for protoplast formation. Investigations of the components might give valuable information for an efficient formation of Basidiomycetes protoplast.
KA-prep contained several kinds of -glucan-hydrolyzing enzyme (-glucanase), -glucan-hydrolyzing enzyme (-glucanase), and colloidal chitin-hydrolyzing enzyme (chitinase), and most of the glycosidases occurred in an ammonium sulfate fraction of 30-70% saturation of KA-prep. [9] [10] [11] The protoplast-forming activity was decreased by ammonium sulfate fractionation, and a slight activity remained in the fraction of 0-30% saturation, 11) which contained an -1,3-glucanase together with slight amounts of chitinase(s) andglucanase(s).
Isolated -1,3-glucanase did not form protoplast by itself, but it gave the protoplast-forming activity to the ammonium sulfate fraction of 30-50% saturation of KAprep, which contained quite a part of chitinase(s) andglucanase(s) in KA-prep but was inactive in the y To whom correspondence should be addressed. Tel: +81-77-566-1111 ex. 8265; Fax: +81-77-561-2659; E-mail: tachiki@se.ritsumei.ac.jp protoplast formation. The protoplast-forming activity, which appeared with the addition of -1,3-gluanase, corresponded to 80% of the activity of KA-prep. These results indicated that, besides -1,3-glucanase, chitinase(s) and/or -glucanase(s) participate in the protoplast formation.
This paper deals with separation of chitinase(s) andglucanase(s) to confirm their participation in the protoplast formation with -1,3-glucanase, and characterizes a chitinase (chitinase I) that was found to be indispensable for the protoplast formation. 8) containing 2% glucose, 1% polypepton, 0.3% yeast extract, 0.3% K 2 HPO 4 , and 5 g/l thiamine, pH 7. The mycelial pellet after 4 d of cultivation with 5 ml of Medium C in a test tube was fragmented with a blender (Waring No. 7009) at full speed for 1 min. The suspension was inoculated into 250 ml of Medium C in a 500-ml Sakaguchi flask, and incubated on a reciprocal shaker for 24 h (100 strokes/ min). The fine mycelial pellets were collected by filtration with cotton cloth, and washed several times with water, twice with 50 mM potassium phosphate buffer (pH 6.5), and finally with the same buffer containing 0.5 M mannitol as an osmotic stabilizer.
Materials and Methods
Assay of glycosidases. The assay of chitinase, -glucanase, or p-nitrophenyl--D-N-acetylglucosaminide (p-NP-GlcNAc)-hydrolyzing activity was done as described previously, 11) using colloidal chitin, laminarin, or p-NP-GlcNAc as a substrate. One unit of chitinase or -glucanase was defined as the amount that released 1 nmol of reducing sugar per min, and one unit of p-NPGlcNAc-hydrolyzing enzyme was defined as the enzyme amount releasing 1 nmol of p-nitrophenol per min.
Assay of protoplast-forming activity. The activity was determined according to the methods described by Mizuno et al. : the washed S. commune mycelia (0.2 g of fresh weight) were suspended in a mixture (1 ml) containing 50 mM potassium phosphate buffer (pH 6.5), 0.2 mg/ml sodium azide, 0.5 M mannitol, and the enzyme preparation. After incubation at 30 C with moderate shaking (100 rpm), the released protoplasts were counted microscopically with a haemocytometer.
Analytical method. Protein was measured by Lowry's method 12) with egg albumin as a standard. In column chromatography, it was followed by the absorbance at 280 nm. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli. 13) Molecular weight was measured by SDS-PAGE with myosin (MW 200,000), -galactosidase (MW 116,250), albumin (MW 66,200), ovalbumin (MW 45,000), carbonic anhydrase (MW 31,000), and trypsin (MW 21,500) as standard proteins. The reaction product in the mixture with colloidal chitin as a substrate was analyzed by thin-layer chromatography (TLC) using a Silica Gel 60 F 254 plate (Merck) developed with n-propanol: 28% ammonia solution (2:1, v/v). The products were detected by spraying the plate with aniline-diphenylamine reagent (4 ml of aniline, 4 g of diphenylamine, 200 ml of acetone, and 30 ml of 85% phosphoric acid) and baking it at 180 C for 3 min.
Amino acid sequence. After SDS-PAGE of chitinase, the band of the protein was transferred onto polyvinylidene difluoride membrane by electroblotting. The blotted protein was cut out from the membrane, and the amino acid sequence was determined according to the method of Edman 14) using the peptide sequencer PPSQ-10 (SHIMADZU).
A homology search of amino acid sequences was done with the BLAST program 15) on the NCBI homepage (http://www.ncbi.nlm.nih.gov/BLAST/).
Reagents. CWP of S. commune and -1,3-glucanase were prepared according to the methods described in our previous paper. 11) Colloidal chitin was prepared by the method of Berger and Renolds. 16) Ethylene glycol chitin was purchased from Sigma Chemical Co., and cellulose (avicel) from Merck. p-NP-GlcNAc was purchased from Nacalai Tesque and Sigma Chemical Co. Laminarin (Laminaria digitata), chitin (crab shell), chitosan (crab shell), and carboxymethyl cellulose were supplied by Nacalai Tesque. The other reagents were chemically pure grade commercial products.
Result and Discussion
Participation of chitinase(s) and/or -glucanase(s) in the protoplast formation
As described in the introductory paragraph, -1,3-glucanase from KA-prep gave the protoplast forming activity to the ammonium sulfate fraction of 30-50% saturation, which contained quite a part of chitinase(s) and -glucanase(s) in KA-prep. This result suggested that chitinase(s) and/or -glucanase(s) are involved in the protoplast formation together with -1,3-glucanase.
Chitinase(s) and -glucanase(s) in the ammonium sulfate fraction of 30-50% saturation were separated by simple chromatography on DEAE-cellulofine ( Fig. 1) : the activity of chitinase(s) was detected in the unadsorbed fractions (chitinase preparation, 88% activity recovery from the ammonium sulfate fraction of 30-50% saturation), and -glucanase(s) were eluted with the buffer containing 0.2 M NaCl (-glucanase preparation, 66% recovery).
As shown in Table 1 , the protoplast-forming activity appeared when the chitinase preparation was added to -1,3-glucanase: the protoplasts increased during the early incubation period (2 to 10 h), and scarcely increased at the later incubation period. The addition of the -glucanase preparation to -1,3-glucanase was not effective for the protoplast formation, but, its addition to the mixture containing -1,3-glucanase and the chitinase preparation enhanced the protoplast formation remarkably during the later incubation period.
The results indicated that -1,3-glucanase and the chitinase preparation were the minimum requirements for the protoplast formation, and that the -glucanase preparation might play a secondary role in the protoplast-formation. This suggested the necessity of prompt identification and characterization of effective chitinase species.
Analysis of the chitinase preparation
The chitinase preparation was analyzed by DEAEcellulofine A-500 column chromatography. As shown in Fig. 2A , a chitinase activity was detected in the unadsorbed fractions (tentatively named chitinase I, 32,200 units), and another was eluted with the buffer containing 0.1 M NaCl (chitinase II, 4,100 units). The fractions of chitinases I and II did not show p-NPGlcNAc-hydrolyzing activity, which has been found in the ammonium sulfate fraction of 30-50% saturation and the chitinase preparation. The low yield of the KA-prep (4,000 ml) was fractionated with ammonium sulfate (30-50% saturation). After the mixture was stored overnight, the precipitate was collected by centrifugation (12;000 Â g for 20 min), and was dissolved in and dialyzed against 0.01 M potassium phosphate buffer (pH 7.5). The dialyzed solution (total protein, 630 mg), which contained about 50% of the chitinase activity and 70% of the -glucanase activity of those in KA-prep, was put on a DEAE-cellulofine A-500 column (3 Â 28 cm) equilibrated with 0.01 M potassium phosphate buffer (pH 7.5). After being washed, the column was developed with the buffer containing 0.1 M and 0.2 M NaCl. Symbols: --, chitinase activity; --, -glucanase activity; -, protein; ---, NaCl concentration in the elution buffer. Ammonium sulfate was added to the chitinase or -glucanase preparation, which obtained in Fig. 1 , to achieve 90% saturation. The precipitate was dissolved in and dialyzed against 10 mM potassium phosphate buffer (pH 7.0), and the dialyzed solution was used for the experiments. Other conditions were described in Materials and Methods.
chitinases (see, Table 2 ) might have been caused by removal of p-NP-GlcNAc-hydrolyzing enzyme(s). Figure 2B shows that chitinase I (50 units/ml in the reaction mixture) was active in the protoplast formation with -1,3-glucanase, and that the protoplast-forming activity was increased about 1.3-fold by increasing the amounts of chitinase I to 100 units/ml. This finding indicated that chitinase I is an indispensable enzyme species for protoplast formation as -1,3-glucanase is.
Chitinase II was not so active to form protoplasts as chitinase I (addition of 50 units/ml, almost null; increase to 100 units/ml was not so effective to increase the protoplasts). The addition of it (6 units/ml) to the mixture of -1,3-glucanase and chitinase I did not (A) To the chitinase preparation, which obtained in Fig. 1 , was added solid ammonium sulfate to reach 90% saturation, and the precipitate collected by centrifugation (12;000 Â g for 20 min) was dissolved in and dialyzed against 0.01 M Tris-HCl buffer (pH 8.0). The dialyzed solution was put on a DEAE-cellulofine A-500 column (3 Â 15 cm) equilibrated with the buffer. After being washed, the column was developed with the buffer containing 0.1 M NaCl. By changing the buffer pH from 7.5 to 8.0, a part of the chitinase(s) was adsorbed to the anion exchanger. Symbols: --, chitinase activity; -, protein; ---, NaCl concentration in the elution buffer. (B) Each chitinase fraction was concentrated by ammonium sulfate (90% saturation), and precipitates were dissolved in and dialyzed against the buffer. Several concentrations of chitinase I or/ and chitinase II were added to each reaction mixture containing -1,3-glucanase (0.2 mg/ml), and the protoplast formation was done for 12 h. The number of released protoplasts was indicated relative to that formed (3:2 Â 10 6 /ml) in the reaction mixture containing 50 units/ml chitinase I and 0.2 mg/ml -1,3-glucanase.
increase the protoplast-forming activity: the ratio of chitinases I and II corresponded to that in the chitinase preparation (see, Fig. 2A ). An increase in the chitinase II amount to 50 units/ml caused a certain increase in protoplast formation, especially during the early incubation period (2 to 10 h, data not shown). The finding with 50 units/ml chitinase II indicated that the enzyme seemingly played certain role(s) in the protoplast formation. But, chitinase II could not contribute actually to protoplast-formation because its amount was extremely small in KA-prep, which was suggested in the elution profile of the DEAE-cellulofine A-500 column chromatography ( Fig. 2A) .
Purification of chitinase I
The chitinase I preparation, which obtained in Fig. 2A , was dialyzed against 0.01 M potassium phosphate buffer (pH 6.5) and then put on a CM-cellulose column (2 Â 20 cm) equilibrated with the same buffer. After being washed, the column was developed with a buffer containing 0.2 M NaCl. Chitinase I was eluted with a buffer containing 0.2 M NaCl.
As shown in Table 2 , chitinase I was purified 12-fold with a yield of 30% from the ammonium sulfate fraction of 30-50% saturation, and SDS-PAGE analysis showed that the final preparation contained a single protein. Figure 3 shows the protoplast formation by the mixture of purified chitinase I and -1,3-glucanase, confirming that they are indispensable for the protoplast formation.
Properties of chitinase I
The molecular weight of chitinase I was estimated to be 37,000 by HPLC-gel filtration on TSK-GEL G2,000SW (7:5 Â 600 mm) standardized with ribonuclease A (MW 13,700), chymotrypsinogen A (MW 25,000), carbonic anhydrase (MW 29,000), ovalbumin (MW 43,000), and albumin (MW 67,000). SDS-PAGE indicated that chitinase I consisted of a single polypeptide (MW 41,000), suggesting that the enzyme was a monomeric protein.
Chitinase I was stable over a pH range of 5-9, and retained its full activity after 10 min of incubation at 50 C and pH 6.5 (30% activity at 60 C; 0% at 65 C). The reaction with colloidal chitin as a substrate proceeded at pH 5.0-7.0, and the reaction with ethylene glycol chitin at pH 5.0-7.0 with an optimum of 6.0. Table 3 indicates that chitinase I hydrolyzed colloidal chitin, ethylene glycol chitin and chitin, and the reactivity toward ethylene glycol chitin was much higher than those toward the others. TLC of the reaction mixture with colloidal chitin as a substrate (Fig. 4) indicated that the predominant products were N,N 0 -diacetylchitobiose and N,N 0 ,N 00 -triacetylchitotriose. The enzyme was inactive to p-NP-GlcNAc. These results suggested that chitinase I is an endo-type enzyme with high reactivity to ethylene glycol chitin. The low reactivity of chitinase I toward chitosan (98% deacetylation degree) might be due to residual GlcNAc units in the substrates.
Chitinase is found in a wide variety of organisms, 17) including various Bacilli. [18] [19] [20] [21] [22] However, N-terminal amino acid sequence of chitinase I, A L A T P T L N V S A S S G M (15 residues), had no identity to those of known chitinases.
This study indicates that chitinase(s) and -glu- The reaction mixture contained -1,3-glucanase (0.2 mg/ml) and/ or chitinase I (50 units/ml). The other conditions were the same as those described in Materials and Methods, and the number of released protoplasts in 1 ml of the mixture was indicated. Symbols: --, -1,3-glucanase + chitinase I; --, -1,3-glucanase; --, chitinase I. The incubation period for estimating the initial reaction velocity was varied according to the activity toward each substrate. Activity was expressed relatively to that with colloidal chitin as a substrate.
canase(s) in the ammonium sulfate fraction of 30-50% saturation of KA-prep acted in different manners on the protoplast formation: (i) chitinase I gave a protoplastforming activity to -1,3-glucanase, and (ii) -glucanase(s) enhanced the protoplast-forming activity of the mixture of -1,3-glucanase and chitinase. These findings indicate that -1,3-glucanase and chitinase I are minimum requirements for the protoplast formation. The Nterminal amino acid sequence of chitinase I had no identity to those of known microbial chitinases, suggesting a need for further biochemical investigation of the enzyme. As for the -glucanase(s), which apparently played a secondary role in the protoplast-formation, it is necessary to identify and characterize effective enzyme species taking into consideration the heterogeneity of the cell-wall of multicellular Basidiomycetes.
These investigations are now underway, and the results will appear soon.
